Introduction
Perception of stress or pathogens by a plant triggers rapid defense responses via a number of signal transduction pathways (Yang et al., 1997) . A major target of signal transduction is the cell nucleus where the terminal signals lead to the transcriptional activation of numerous genes, and consequently to the de novo synthesis of a variety of defense proteins and protective secondary metabolites. Signal transduction is initiated through recognition of stress signals or pathogen-derived molecules called elicitors, which trigger the biosynthesis of one or a combination of the hormone-like compounds jasmonic acid (JA), salicylic acid and ethylene (Reymond and Farmer, 1998) . JA, and its volatile methylester (MeJA), collectively called jasmonates, are fatty acid derivatives which are synthesized via the octadecanoid pathway (Mueller, 1997) . Jasmonates can be considered global signals of defense gene expression, as many defense-related genes have been shown to be responsive to jasmonates (Creelman and Mullet, 1997; Reymond and Farmer, 1998) . Arabidopsis plants impaired in JA perception or biosyn-thesis are unable to mount appropriate defense responses (Penninckx et al., 1996; Pieterse et al., 1998; Vijayan et al., 1998) . An important defense response that depends on JA as a regulatory signal is the elicitation of secondary metabolism (Gundlach et al., 1992; Mueller et al., 1993) . Elicitors of secondary metabolism induce JA biosynthesis as an early response (Gundlach et al., 1992; Mueller et al., 1993; Menke et al., 1999) , and JA subsequently induces the expression of secondary metabolite biosynthetic genes (Gundlach et al., 1992; Menke et al., 1999) . How jasmonates regulate gene expression is largely unknown, although sequences involved in JA-responsive expression have been identified in a number of promoters.
Regions containing the bZIP protein-binding motifs TG-ACG or the G-box CACGTG, are present in the lipoxygenase 1 (Lox1) promoter of barley (Rouster et al., 1997) , in the potato Pin2 promoter (Kim et al., 1992) and in as-1-like elements (Xiang et al., 1996) , and have been implicated in JA-responsive gene expression. However, trans-acting factors involved in JA signaling have not been identified and, moreover, none of the regions implicated in JA signaling have been linked to elicitor responsiveness.
A number of elicitor-responsive cis-acting elements have been identified and this has allowed the characterization of their cognate binding factors (reviewed by Rushton and Somssich, 1998) . Well-characterized elicitor-responsive elements are the W-boxes in the promoter of the parsley PR1-1 gene (Rushton et al., 1996) and tobacco chitinase gene (CH50; Fukuda and Shinshi, 1994) . However, elicitorresponsive elements in genes involved in secondary metabolism and their cognate interacting factors are not as well characterized (reviewed by Rushton and Somssich, 1998) .
Here we describe a novel JA-and elicitor-responsive element (JERE) containing a GCC motif in the terpenoid indole alkaloid (TIA) biosynthetic gene Strictosidine synthase (Str) . Expression of the Str gene is induced by MeJA and elicitor, and elicitor responsiveness depends on JA as a secondary signal . Using yeast one-hybrid screening, we have isolated two cDNA classes, encoding AP2-domain proteins. These octadecanoidderivative responsive Catharanthus AP2-domain (ORCA) proteins bound in a sequence-specific manner to the JERE, and ORCA2 also trans-activated the Str promoter. Expression of Orca2 is induced by elicitor and MeJA at the mRNA level. Our results show that a GCC motif and an AP2-domain protein constitute the terminal stage of a JAresponsive signal transduction pathway, that forms an integral part of elicitor-induced expression of a secondary metabolite biosynthetic gene.
Results
Identification of a JA-and elicitor-responsive element in the Str promoter A 396 bp fragment of the Str promoter has previously been shown to be responsive to JA and elicitor (Menke al., 1999) . To locate the JERE within this fragment, the effect of progressive 5Ј deletions and two internal deletions ( Figure 1A ) on promoter activity was analyzed in stably transformed Catharanthus roseus cells. Figure 1B shows the expression of the gusA gene driven by deletion derivatives of the Str promoter, in comparison with the endogenous Str mRNA level in the same RNA samples. In transgenic cells harboring the BH (-339 to ϩ52) or AH (-208 to ϩ52) fragment ( Figure 1A ), incubation with partially purified yeast extract elicitor (PE) or MeJA resulted in increased gusA mRNA accumulation compared with the non-induced control ( Figure 1B) . The induced accumulation of gusA mRNA was qualitatively similar to Str mRNA accumulation in these cells. A 5Ј deletion to position -145 (construct NH) did not abolish MeJA or PE inducibility, but the expression level was reduced dramatically. Further 5Ј deletion to -100 (RH) resulted in an unresponsive promoter construct. Analysis of the endogenous Str gene expression showed that the induction treatment was effective. Analysis of the level of Rps9 mRNA, encoding the 40S ribosomal protein S9, showed equal loading of RNA ( Figure 1B ). Internal deletion of the NR (-145 to -100) fragment within the BH context (BH -NR ), did not affect PE or MeJA responsiveness. The NR fragment contains a G-box (Pasquali et al., 1999) . Our results indicate that this element is not required for JA-and elicitor-responsive gene expression. However, deletion of the RV (-100 to -58) region from the BH promoter rendered this BH -RV construct unresponsive to PE or MeJA. These results show that the 42 bp RV region is required for JA-and elicitor-responsive gene expression.
Some variability was observed in the effectiveness of elicitor versus JA induction, with elicitor usually being more effective than MeJA, although occasionally the reverse was observed (e.g. line BH -NR #1). This variability was not correlated with the presence of a certain transgenic construct (compare Figure 1 with Figure 3 ), and could be due to either intrinsic variability between cell lines, or to differential sensitivity of the cell lines due to culture manipulation. These explanations could also account for the small variations observed in the level of endogenous Str mRNA in control-treated cultures.
The region upstream of RV is required for a detectable expression level, since deletion of this region resulted in an inactive promoter construct. The NR region functioned as a weak enhancer of gene expression within the NH context, whereas the combination of the AN and NR regions, as in the AH construct, or the combination of the BA and AN regions, as in the BH -NR construct, functioned as stronger enhancers of gene expression. These observations indicate that the AN region (-208 to -145) contributes quantitatively to the gene expression level, with additional quantitative elements in the NR and possibly the BA region. However, only the RV region is essential for PE and MeJA responsiveness of the Str promoter derivative BH.
Detailed block scanning mutagenesis of the RV region in the context of the BH derivative of the Str promoter was performed (Figure 2A) , to pinpoint the exact location of the JERE within the RV fragment. The activities of eight mutated versions of the BH promoter were analyzed for two independently transformed C.roseus cell lines for each construct. By comparing basal and MeJA-induced gusA gene expression for each mutant line to the expression conferred by the wild-type BH promoter, mutants M1, M6, M7 and M8 were found to confer wild-type MeJA responsiveness ( Figure 2B ). In mutant M2 the expression was only minimally inducible, whereas mutants M3, M4 and M5 were unresponsive to MeJA, similar to the BH -RV construct ( Figure 2B ). Mutations M2, M3, M4 and M5 also abolished elicitor responsiveness of the Str promoter in stably transformed C.roseus cells (data not shown). Induction of endogenous Str gene expression in these transgenic cell lines by MeJA was similar in each independent line ( Figure 2B ). The results of these lossof-function experiments showed that the Str promoter contains a JERE that is inactivated by mutations M2 to M5, with mutations M3, M4 and M5 having the most The RV region autonomously confers JA-and elicitor-responsive transcriptional activation To determine whether the RV region alone can confer JAand elicitor-responsive gene expression, tetramers of the wild-type RV region and mutant versions were fused to a minimal CaMV 35S promoter (-47) fused to gusA ( Figure 3A ). The RV tetramer conferred JA and elicitor responsiveness onto the gusA gene ( Figure 3B ). The minimal CaMV 35S promoter itself was inactive ( Figure 3B ). In cell lines carrying the unrelated 6Tcyt-GusSH-47 construct, high basal levels of gusA mRNA were found, and expression was not inducible with MeJA or PE ( Figure 3B ). The 6Tcyt construct contains six headto-tail copies of the cyt-1 cis-acting element from the T-DNA T-cyt gene (Neuteboom et al., 1993;  Figure 3A ). Expression of gusA in cell lines containing mutant constructs 4RVM2, 4RVM3, 4RVM4 or 4RVM5 was not inducible with MeJA or PE ( Figure 3B ), whereas in cell lines containing the mutant 4RVM6 construct the expression of gusA was inducible with both MeJA and PE. In each cell line PE or MeJA induced the expression of the endogenous Str gene ( Figure 3B ). These results show that a tetramer of the RV region is sufficient to confer JA-and elicitor-responsive gene expression onto an otherwise inactive minimal promoter. Within the tetramer context the important sequences are located in the region covered by mutations M2-M5, which is consistent with the results from the mutational analysis within the BH context ( Figure 2B ). The results with the 6Tcyt lines show that the RV region did not potentiate a silent JERE within the CaMV -47 region or elsewhere in the construct.
Isolation of cDNAs encoding JERE-binding proteins
The RV region of the Str promoter was used as bait in yeast one-hybrid transcription factor screening. Yeast strain Y187, containing a tetramer of RV fused to the HIS3 selection marker was used in a one-hybrid screen for DNA-binding proteins with a cDNA library of C.roseus cloned in a fusion with the GAL4 activation domain in the yeast expression vector pACTII. Four million Y187-4RV transformants were screened. Plasmids isolated from colonies obtained on minimal medium without histidine were retransformed to Y187-4RV, and a Y187 derivative carrying a tetramer of RV mutant fragment RVM4 fused to the HIS3 gene. Seventeen plasmids showed strongly reduced growth in Y187-4RVM4 compared with Y187-4RV. Partial sequencing of these plasmids revealed that they belonged to one of only two classes. Comparison of the cDNA sequences with sequences in the NCBI database furthermore revealed that both cDNA classes encode proteins with highly conserved AP2-domains. The AP2-domain is a DNA-binding motif that is as yet unique to plants (Riechmann and Meyerowitz, 1998) . Hence, we called the two encoded proteins ORCA1 and ORCA2, for octadecanoid-derivative responsive Catharanthus AP2-domain protein. Three cDNAs belonged to the ORCA1 class. Comparison of the deduced ORCA1 amino acid sequence with sequences in the NCBI database using WU-BLAST 2.0 showed highest homology to DREB2A and DREB2B from Arabidopsis (Liu et al., 1998) . The nucleotide sequence and deduced amino acid sequence are depicted in Figure 4 . ORCA1 encoded a protein with a molecular mass of 41 kDa containing a single AP2-domain, which is located in the N-terminal part of the protein. The ORCA1 cDNA contained the complete coding region, since an in-frame stop codon preceded the first start codon. The ORCA2 class consisted of 14 cDNAs with sequence identity to each other. All ORCA2 cDNA sequences appeared to be partial. The missing 5Ј portion was isolated via PCR and fused to the cDNA using a unique BamHI site, to construct a complete ORCA2 clone. The nucleotide sequence and deduced amino acid sequence of ORCA2 is depicted in Figure 4 . The ORCA2 cDNA encoded an AP2-domain protein with a molecular mass of 24 kDa. The deduced ORCA2 amino acid sequence displayed highest homology to EREBP1 from tobacco (Ohme-Takagi and Shinshi, 1995) and Pti4 from tomato (Zhou et al., 1997) . The AP2-domain in ORCA2 is located in the C-terminal part of the protein. An acidic region is located more towards the N-terminus. Acidic regions in transcription factors often function as transcriptional activation domains.
ORCA1 and ORCA2 bind specifically to the JERE of the Str promoter
The ability of ORCA1 and ORCA2 to activate HIS3 gene expression via the RV region in yeast and the presence of the AP2 DNA-binding domain in both proteins, indicated that they are DNA-binding proteins. Electrophoretic mobility shift assays (EMSA) with ORCA1 and ORCA2 were performed to determine the binding specificity of both proteins. ORCA1 was expressed in an in vitro transcription/ translation system, and ORCA2 was expressed in Escherichia coli. Incubation of ORCA1 and ORCA2 with probes covering a 473 bp region of the Str promoter upstream of the TATA box ( Figure 5A ), showed that the proteins only bound to the RV region ( Figure 5C and E). Binding of ORCA1 to the RV fragment was sequence specific, as ORCA1 did not bind to mutated RV fragments RVM3 and RVM4, but did bind to mutated RV fragments RVM2, RVM5, RVM6 and RVM7 ( Figure 5B ). The binding specificity of ORCA2 was slightly different, as this protein did bind to RVM5, RVM6 and RVM7, but did not bind mutated RV fragments RVM2, RVM3 and RVM4 ( Figure 5D ). The results of these EMSAs show that both ORCA1 and ORCA2 specifically bind to the JERE, and that mutations that abolish binding of ORCA1 and ORCA2 also abolish the function of the JERE in vivo. However, the effects of mutations on in vitro binding and in vivo activity are not completely correlated.
ORCA2 is a transcriptional activator of the Str promoter via interaction with the JERE
To test whether ORCA1 and ORCA2 can act as transcriptional activators of the Str promoter, C.roseus cells were transiently co-transformed with a Str-promoter-gusA construct, and an overexpression vector carrying Orca1 or Orca2 cDNAs fused in sense or antisense orientation to the CaMV 35S promoter. Co-expression of Orca1 in sense orientation induced the Str promoter only marginally (1.3-fold) compared with the vector control ( Figure 6A ). Expression of Orca1 in antisense orientation did not affect Str promoter activity. Expression of Orca2 in sense orientation resulted in a 2.9-fold induction of Str promoter activity, whereas expression of Orca2 in antisense orientation had no significant effect compared with the vector control. These results show that transient overexpression of ORCA2 activated the Str promoter, whereas overexpression of ORCA1 had little effect on Str promoter activity. The differential activation of the Str promoter by ORCA1 and ORCA2 may reflect differences in the intrinsic capacity of these proteins to activate the Str promoter, or may reflect differences in transient expression level between ORCA1 and ORCA2.
Since ORCA1 had little effect on Str promoter activity, a more detailed analysis of Str promoter activation was performed only for ORCA2. To test whether ORCA2 activates the Str promoter via interaction with the RV region, co-transformations were done using wild-type and mutant versions of the BH fragment. ORCA2 strongly enhanced the expression of the gusA reporter gene through interaction with wild-type and mutant versions M1 and M6 of the Str promoter ( Figure 6B ). Mutations M2, M3, M4 and M5 severely reduced the activation of BH by ORCA2 ( Figure 6B ). The activation of mutant constructs M2, M3, M4 and M5 was statistically significantly different from the wild-type, whereas activation of mutant constructs M1 and M6 was not significantly different from the wild-type construct (P Ͻ0.05). These results show that ORCA2 acts as a transcriptional activator, that interacts in a sequence-specific manner with the JERE in the Str promoter. Three mutations that abolished binding of ORCA2 to the RV fragment in vitro also affected transactivation of the Str promoter in vivo, indicating that ORCA2 activates the Str promoter via direct binding. Whereas mutation M5 did not affect in vitro binding of ORCA2, it significantly reduced ORCA2-mediated trans- activation, which is consistent with its effect on JA and elicitor responsiveness of the Str promoter.
Elicitor and MeJA rapidly induce Orca2, but not Orca1 mRNA levels
We analyzed Orca1 and Orca2 mRNA levels after induction with MeJA and PE. Figure 7A shows that a basal level of Orca1 expression was present in the control sample, which was not significantly induced by MeJA ( Figure 7A ) or PE (data not shown). Analysis of Str gene expression showed that the induction treatment was effective (data not shown). In an independent experiment Orca1 expression was also not inducible by MeJA at 30 min or 1 h after addition (data not shown). A single mRNA species, with an estimated length of~1800 nucleotides was detected for Orca1. For Orca2, a single mRNA species was detected with an estimated length of 900 nucleotides. Orca2 gene expression was rapidly and transiently induced by MeJA, with high expression levels as early as 30 min after addition ( Figure 7B) . A biphasic induction pattern, with less Orca2 mRNA at 1 h than at 30 min and 2 h, was consistently observed in independent experiments and was not due to differences in loading of RNA or inadequate induction by MeJA, since Str and Rps9 mRNA levels were not reduced at 1 h. Furthermore, biphasic kinetics of Orca2 expression were also observed after induction by PE, with an increase of the mRNA level within 1 h, maximum accumulation at 2 h followed by a decrease in the mRNA amount at 4 h and a second peak in mRNA accumulation at 8 h. At 24 h the level of Orca2 mRNA returned to the control level. As shown previously , the expression of the Str gene is induced by MeJA and PE. Str gene expression was induced at 2 h after the addition of PE and MeJA and continued to rise up to 8 h ( Figure 7B and C) . These results show that the Orca2 mRNA level was induced rapidly by MeJA and PE, whereas Orca1 expression was not induced. The first peak of the induced expression of Orca2 preceded the maximum induced expression of Str by at least 2 h. Interestingly, the delay in Orca2 induction kinetics by elicitor compared with MeJA is similar to the time required for elicitor to induce high levels of JA biosynthesis, which peaks at 2-3 h .
Discussion
We have shown by loss-and gain-of-function experiments that a 24 bp sequence with a GCC core acts as an important cis-element required for JA-and elicitor-responsive Str gene expression. We have previously demonstrated that elicitor-induced Str gene expression requires a transient flux through the octadecanoid pathway . The fact that both JA-and elicitor-induced Str gene expression is mediated through the same cis-element and is similarly affected by the same mutations further supports the intermediary role for JA in elicitor-induced signalling. Furthermore, the JERE is the first cis-element reported to be responsive to both JA and elicitor. JAresponsive sequences characterized in other promoters do not resemble the JERE present in the Str promoter. A common feature in other promoters is the presence of a TGACG motif or a G-box (as discussed by Rouster et al., 1997) . However, the G-box present in the Str promoter does not function as a JA-responsive element in periwinkle. Mutation of the G-box-containing fragment within the Str promoter also did not affect elicitor responsiveness in transgenic tobacco (Pasquali et al., 1999) . Within the JERE of the Str promoter, a GCC-box-like sequence is present, that bears similarity to an ethylene-responsive element present in the promoter of the β-1,3-glucanase gene gln2 from tobacco (Ohme-Takagi and Shinshi, 1995) . DNA-binding proteins that interact with ethylene-responsive GCC-like sequences belong to the AP2-domain family of transcription factors (Riechmann and Meyerowitz, 1998) . These proteins are characterized by the presence of the AP2-domain, that was first identified in the APETALA2 protein. The APETALA2 gene of Arabidopsis controls important processes during flower development (Jofuku et al., 1997) . The cDNAs, isolated in the yeast one-hybrid screening with the JERE-containing RV region of the Str promoter, encoded two AP2-domain proteins. Both ORCA1 and ORCA2 contain highly conserved AP2-domains, but outside this domain little homology exists between the two ORCAs. Outside the AP2-domain, ORCA1 has substantial homology to the N-terminal region of Arabidopsis DREB2A and DREB2B (Liu et al., 1998) , whereas ORCA2 is most homologous to the tobacco EREBP1 (Ohme-Takagi and Shinshi, 1995) and tomato Pti4 (Zhou et al., 1997) proteins. This indicates that ORCA1 and ORCA2 are members of different subfamilies. All functionally characterized members of the subfamily of AP2-domain proteins with a single AP2-domain are involved in stress-responsive gene expression (Riechmann and Meyerowitz, 1998) . Yeast two-hybrid screening identified three Pto-interacting (Pti4, 5 and 6) tomato proteins, each of which contained one AP2-domain (Zhou et al., 1997) . Pto is a receptor kinase that is involved in the recognition of Pseudomonas avirulence gene product AvrPto (Martin et al., 1993) . Therefore, Pti4, 5 and 6 could be involved in elicitor-induced activation of defense responses in tomato. In tobacco carrying a Pto transgene, expression of the AP2-domain protein EREBP1 was specifically enhanced upon infection with a bacterial strain harboring the AvrPto avirulence gene, and this preceded induction of PR gene expression (Zhou et al., 1997) . Another family of AP2-domain proteins, represented by DREB2A and DREB2B is involved in drought-responsive gene expression (Liu et al., 1998) , whereas the CBF1/ DREB1 family includes central regulators of cold-regulated gene expression in Arabidopsis (Jaglo-Ottosen et al., 1998; Liu et al., 1998) . In C.roseus the expression of TIA biosynthetic genes is coordinately regulated in response to elicitor and jasmonates . Therefore, analogous to CBF1, ORCA proteins are potential central regulators of TIA biosynthetic gene expression.
ORCA2 was shown to act as a transcriptional activator of the Str promoter. In vivo co-expression of ORCA2 with wild-type and mutant versions of the Str promoter demonstrated that trans-activation occurs via direct interaction with the JERE in the RV region of the Str promoter. This differential trans-activation of wild-type and mutated Str promoter derivatives by ORCA2 is consistent with the results of the mutational analysis of the RV region of the Str promoter in stable transformants. Thus, these results provide evidence for involvement of ORCA2 and the JERE in octadecanoid signaling leading to TIA biosynthetic gene expression. However, the in vitro binding specificity of ORCA2 for the JERE-containing RV fragment is not completely consistent with the in vivo results. Sequence specificity of DNA binding by AP2-domain proteins in vitro is well documented. EREBPs and Pti5 and 6 specifically interact with GCC-boxes present in the promoters of PR genes (Ohme-Takagi and Shinshi, 1995; Zhou et al., 1997) . Detailed analysis of the in vitro binding requirements of EREBP2, 4 and AtERF1, revealed three critical residues (G 8 G 11 C 13 ) located in the GCC-box (Hao et al., 1998) . Two of these critical residues (G 11 C 13 ) are present in most GCC-box-like elements characterized, and are also present in the JERE of the Str promoter. EMSAs with mutant RV fragments clearly show that ORCA2 can not interact with mutants RVM3 and RVM4, in which these residues are mutated. Furthermore, ORCA2 could also not interact with mutant RVM2. In vivo, JAand elicitor-responsive activation of the Str promoter was severely reduced by mutation M2 and abolished by M3, M4 and M5. The apparent discrepancy between the effect of mutation M5 in vivo and its effect on in vitro binding of ORCA2 is puzzling. Possible explanations include the interaction of an additional factor with the sequence covered by M5, or the creation of an artificial repressor binding site by the M5 mutation, that disrupts the function of the JERE in vivo. Alternatively, the in vitro and in vivo binding specificity may well be different for ORCA2. Nonetheless, the results indicate that ORCA2 is the likely transcription factor involved in JA-and elicitor-responsive Str gene expression. For ORCA1 the trans-activation data and its binding specificity are not as compatible with the in vivo mutational analysis of the Str promoter. Based on homology with the DREB2 proteins from Arabidopsis (Liu et al., 1998) , one could speculate that ORCA1 is involved in drought-responsive gene expression in C.roseus.
Lack of induction of Orca1 expression by MeJA and elicitor may be taken as additional evidence that ORCA1 is not involved in JA-and elicitor-induced Str gene expression. In contrast, Orca2 expression has a low basal level and is rapidly induced by MeJA and elicitor. The lack of induction at the transcriptional level does not exclude the involvement of ORCA1 in the regulation of Str gene expression. In soybean, elicitation did not induce the accumulation of bZIP factor G/HBF-1 mRNA, but G/HBF-1 was phosphorylated upon elicitation and this enhanced binding to its target DNA (Dröge-Laser et al., 1997) . We have previously demonstrated that downstream of JA a protein kinase is involved in induction of Str expression . Although it is unlikely that phosphorylation is required for DNA binding of ORCA1, since ORCA1 expressed in vitro is able to bind, it may well enhance its binding, similar to G/HBF-1. Induction of Orca2 gene expression by JA and elicitor may indicate that ORCA2 is not a primary response transcription factor. Regulation of Str gene expression by ORCA2 may include a transcriptional cascade as has been described for ethylene-regulated genes by ERF1. Expression of ERF1, an Arabidopsis EREBP family member, is controlled by a novel DNA-binding protein encoded by the EIN3 gene, indicating that ERF1 acts downstream of EIN3 in ethylene signaling (Solano et al., 1998) . Orca2 gene expression may be regulated by a trans-acting factor similar to EIN3. Alternatively, ORCA2 may be activated by phosphorylation and enhance its own expression via an autoregulatory loop. An autoregulation mechanism in which activated ORCA2 is removed quickly via degradation could explain the biphasic induction of Orca2 expression in response to MeJA and elicitor. Biphasic kinetics of gene expression are a common feature of mammalian oncogene induction by various stimuli, for example c-jun induction by thrombin (Trejo et al., 1992) .
This report concerns the first identification of a plant transcription factor involved in JA signal transduction and identifies this factor as a member of the AP2-domain protein family. Recently, a number of reports have shown that certain defense responses are dependent on both JA and ethylene signaling (O'Donnell et al., 1996; Penninckx et al., 1996; Pieterse et al., 1998) . The involvement of AP2-domain family members in both ethylene and JA signaling suggests that ethylene and JA may cross-talk via these transcription factors. Furthermore, through the identification of ORCA2, the spectrum of defense genes regulated by AP2-domain proteins, which includes ethylene-and elicitor-responsive PR genes (Ohme-Takagi and Shinshi, 1995; Zhou et al., 1997) and cold-and drought-stress-responsive genes (Stockinger et al., 1997; Liu et al., 1998) , can now be extended to include a JA-responsive secondary metabolite biosynthetic gene.
Materials and methods

Construction of plasmids, cell culture and transformation
Cell suspension cultures of C.roseus were grown as described by Pasquali et al. (1992) . Str (DDBJ/EMBL/GenBank accession number Y10182) promoter derivatives with 5Ј and internal deletions were fused to the β-glucuronidase (gusA) reporter gene in the vector GusSH (Pasquali et al., 1994) , as described by Pasquali et al. (1999) . These GusSH derivatives were used to make transgenic C.roseus MP183L cell lines by particle bombardment, according to the method described by van der Fits and Memelink (1997) . Each transgenic cell line was a mixed population that was estimated to consist of hundreds of independent transformants. The transgene expression level therefore reflects an average, and can be considered to be largely independent of the chromosomal position or copy number. For Agrobacterium-mediated transformation, the GusSH derivatives were introduced into the binary vector pMOG22λCAT, a derivative of pMOGλCAT (Pasquali et al., 1994) containing the hygromycin resistance gene, as described previously . The GusSH derivatives of pMOG22λCAT were introduced into C.roseus BIX cell lines via an improved Agrobacterium strain (L.van der Fits and J.Memelink, unpublished results). Eight block mutations were introduced in the RV fragment via PCR, covering the entire fragment from the RsaI site to the AvaII site (M1 to M8). In each mutant six adjacent nucleotides were changed into their complementary nucleotides, i.e. changing A to T and G to C (Figure 2A ). The eight mutated versions of the BH fragment were each fused to gusA in GusSH. The wild-type RV region and mutated derivatives M2 to M6 were cloned as RsaI-AvaII (filled in with the Klenow fragment of DNA polymerase I) fragments into the SmaI-EcoRV sites of pIC20H, and tetramerized using the enzymes BamHI-BglII. The head-to-tail tetramers were cloned as BamHI-BglII fragments into the BamHI site of GusSH-47 (Pasquali et al., 1994) .
Elicitor and JA treatment
Yeast extract (YE; Difco) was dissolved in water, autoclaved and used at a final concentration of 400 μg/ml to elicit C.roseus cells. PE was prepared from YE through ultra-filtration and a number of chromatographic steps, as described in Menke et al. (1999) . The amount of PE used for induction experiments was calibrated using a semi-quantitative alkalinization response assay as described previously . Methyl-jasmonate (Bedoukian Research Inc.) was diluted in dimethylsulfoxide (DMSO).
RNA extraction and Northern blot analysis
RNA extraction and Northern blot analysis were performed as described previously , loading 20 μg RNA samples onto the gels. All Northern blots were probed using 32 P-labeled DNA probes. For Orca1, full-length cDNA was used as a probe, whereas for Orca2 a 450 bp fragment, located 3Ј of the sequence encoding the AP2-domain, that was specific for Orca2 was used. DNA probes for Rps9, Str and gusA have been described previously .
Yeast one-hybrid screening RV wild-type and mutant tetramers were cloned as BamHI-BglII fragments into the BamHI site of pHIS3NX (Meijer et al., 1998) . The tetramer-HIS3 gene fusions were transferred as NotI-XbaI fragments to pINT1 (Meijer et al., 1998) . The resulting plasmids were linearized with NcoI and introduced into yeast strain Y187 (Clontech). Recombinants were selected on YPD medium containing 150 μg/ml G418, and the occurrence of single recombination events between the pINT1 derivative and the chromosomal PDC6 locus was verified via Southern blotting. To construct the library, cDNA was synthesized using a Stratagene kit on two different poly(A) ϩ RNA preparations, mixed in a 1:1 ratio, isolated from cell suspensions that were elicited with 0.04 % YE for 1 and 4 h, respectively. The cDNA was cloned in the EcoRI-XhoI sites of λACTII. The amplified lambda library, consisting of 3.5ϫ10 6 independent primary transformants was converted to a pACTII (Clontech) plasmid library via in vivo excision in the Cre-expressing E.coli strain BNN132. The missing portion of ORCA2 cDNA was isolated via PCR using the pACTII cDNA library as a template. A prominent 0.6 kb PCR band was digested with EcoRI and BamHI, and cloned in pBluescript II 4462 SKϩ. A complete clone was constructed in pBluescript II SKϩ by fusion of the PCR fragment with the cDNA fragment from ORCA2-class plasmid RV210 using a unique BamHI site.
EMSA
A BamHI-BglII cDNA fragment encoding ORCA1 was cloned in pBluescript II SKϩ cut with BamHI, such that the 5Ј end faced the T7 promoter. ORCA1 protein was produced by in vitro transcription/ translation using the TnT coupled reticulocyte lysate system (Promega). A PCR-amplified ORCA2 open reading frame (ORF) was cloned into pET16b (Novagen) cut with NdeI-XhoI. His-tagged ORCA2 protein was expressed in E.coli, and purified via Ni 2ϩ affinity chromatography. Wildtype and mutant RV fragments (M2-M7) were excised from BH promoter derivatives using RsaI-AvaII (filled in with the Klenow fragment of DNA polymerase I), and cloned in pIC20H digested with SmaI-EcoRV. Fragments were isolated following digestion with XhoI-XbaI, and labeled by filling in with the Klenow fragment of DNA polymerase I. DNAbinding reactions contained 0.1 ng of end-labeled DNA probe, 100 ng of poly(dIdC)-poly(dIdC), 500 ng of poly(dAdT)-poly(dAdT), 25 mM HEPES-KOH pH 7.2, 100 mM KCl, 0.1 mM EDTA, 10 % glycerol and protein extract in a 10 μl volume. Following addition of protein extract, reactions were incubated for 30 min at room temperature before loading on 5% acrylamide/bisacrylamide (37:1)-0.5ϫ TBE gels under tension. After electrophoresis at 125 V for 1 h, gels were dried on Whatmann DE81 paper and autoradiographed.
Transient expression assays
Catharanthus roseus cells were transiently co-transformed with a Strpromoter-gusA (BH-GusSH) construct, an overexpression vector carrying Orca1 or Orca2 cDNAs fused in sense or antisense orientation to the CaMV 35S promoter, and a plasmid carrying the chloramphenicol acetyl transferase gene (cat) under the control of the CaMV 35S promoter. As a control, co-transformation of BH-GusSH with an empty overexpression vector (pMOG184) and the cat expression vector was carried out. Cells were transformed through particle bombardment as described previously (van der Fits and Memelink, 1997), using the three constructs in a ratio of 1:1:3 (gus:cat:Orca). Twenty-four hours after transformation cells were harvested and frozen in liquid nitrogen. GUS and CAT activity assays were performed as described by van der Fits and Memelink (1997) . GusA reporter gene expression was related to cat expression to correct for transformation efficiency and depicted as relative expression compared with the vector control. Statistical analysis of the results was performed using the nonparametric Wilcoxon-MannWhitney test.
